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Influence of street setbacks on solar reflection and air 1 cooling by reflective streets in urban canyons      2 
Pablo J. Rosado, George Ban-Weiss, Arash Mohegh, Ronnen Levinson 3 
0 Abstract 4 
The ability of a climate model to accurately simulate the urban cooling effect of raising street albedo may 5 
be hampered by unrealistic representations of street geometry in the urban canyon. Even if the climate 6 
model is coupled to an urban canyon model (UCM), it is hard to define detailed urban geometries in UCMs. 7 
In this study, we relate simulated surface air temperature change to canyon albedo change. Using this 8 
relationship, we calculate scaling factors to adjust previously obtained surface air temperature changes 9 
that were simulated using generic canyon geometries. The adjusted temperature changes are obtained 10 
using a proposed multi-reflection urban canyon albedo model (UCAM), avoiding the need to rerun 11 
computationally expensive climate models. The adjusted temperature changes represent those that 12 
would be obtained from simulating with city-specific (local) geometries. Local urban geometries are 13 
estimated from details of the city’s building stock and the city’s street design guidelines. As a case study, 14 
we calculated average citywide seasonal scaling factors for realistic canyon geometries in Sacramento, 15 
California based on street design guidelines and building stock. The average scaling factors were used to 16 
adjust air temperature changes previously simulated by a Weather Research and Forecasting coupled to 17 
an urban canyon model in which streets extended from wall to wall (omitting setbacks, such as sidewalks 18 
and yards). Sacramento’s scaling factors ranged from 2.70 (summer) to 3.89 (winter), demonstrating the 19 
need to consider the actual urban geometry in urban climate studies.  20 
1 Introduction 21 
Mesoscale meteorological models have been developed to predict weather and to simulate regional 22 
climates. These tools are used to understand the effects of climate change and urban growth on 23 
environmental problems in urban areas, and to develop mitigation and adaptation strategies (Chen et al. 24 
2011). The Weather Research and Forecasting (WRF) model (Skamarock et al. 2008) is an example of such 25 
a tool used for these purposes.  26 
Urban canyon models (UCMs) assess the geometry and the thermophysical properties of urban canyons 27 
(Best and Grimmond 2015). UCMs are used to study the influence that urban morphology, surface 28 
properties, and energy fluxes have on the local climate. Meteorological models can be coupled to UCMs 29 
to better resolve surface-atmosphere interactions in urban areas, and assess near-surface heat islands 30 
and their effect on the regional climate (Taha 1999; Chen et al. 2011). The accuracy of these coupled 31 
models depends in part on how accurate the urban morphology can be characterized in the UCM. 32 
The WRF model can be coupled to various UCMs, each with a different level of complexity in the way it 33 
defines the urban morphology and resolves surface-atmosphere interactions. The number of parameters 34 
to model the influence of urban characteristics on the local climate also varies by UCM. When 35 
characterizing vegetative or urban surfaces, WRF defaults to a slab model, which treats the urban 36 
geometry as a flat rough surface. A WRF model can also be coupled with the single-layer urban canopy 37 
model (SLUCM) developed by Kusaka et al. (2001) and Kusaka and Kimura (2004), or the multi-layer urban 38 
canopy model (MLUCM) developed by Martilli et al. (2002). These two models consider the three-39 
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dimensional nature of urban canyons, shadowing by canyon walls, and reflection from the canyon 40 
surfaces. Wang et al. (2013) developed an even more sophisticated urban model that incorporates 41 
vegetation within the urban canopy and can represent each canyon surface (walls, floor, and roof) as a 42 
heterogeneous surface made up of different types of sub-surfaces. Their model has been used to enhance 43 
the modeling of urban hydrological processes (e.g. those from lawns and green roofs) that affect the urban 44 
energy balance (Li et al. 2014, Yang et al. 2015). However, its treatment of radiative exchange between 45 
facets of the urban canyon (wall, ground, roof, and sky) assumes that all sub-surfaces within a facet share 46 
the same view factors. For example, if the ground contains a street flanked by setbacks, such as sidewalks 47 
or lawns, the sky view factor of each setback would be assumed to be equal to the sky view factor of the 48 
street. 49 
Accurately representing the heterogeneous nature of cities in mesoscale models is challenging (Vahmani 50 
and Ban-Weiss 2016). In many urban regions, urban planning data and remotely sensing images are used 51 
to create urban maps that classify the urban region into different land-use types. The United States 52 
Geological Survey (USGS) National Land Cover Database (NLCD) provides such maps, and describes urban 53 
regions with three different land-use categories: low-intensity residential, high-intensity residential, and 54 
industrial/commercial (Homer et al. 2011). WRF defines default urban canyon parameters for these three 55 
urban land-use categories (Chen et al. 2011); however, the urban canyon parameters can be changed by 56 
the user. The canyon geometry used by the model for a particular grid cell is then chosen from the NLCD 57 
land-use category that best matches the land cover type of the grid cell. The parameters that describe 58 
canyons include geometric dimensions (wall height, street width, and roof width); surface albedos; and 59 
thermal surface properties (see Table 1 in Chen et al. 2011). WRF can also be configured to use canyon 60 
geometries from the National Urban Database and Access Portal Tool (NUDAPT; Ching et al. 2009), but 61 
this database characterizes only a few scattered regions.  62 
Cool pavements are one of several technologies that can be used to increase urban albedo and cool cities. 63 
WRF/urban canyon models can be used to study how increasing the albedo of pavements decreases 64 
convective heating of the urban air and thus decreases surface air temperature1 [Mohegh et al. 65 
(submitted)]. However, current urban parameterizations in climate models do not represent canyon 66 
geometry in sufficient detail to allow assessment of influence of pavement albedo on air temperature. 67 
First, these parameterizations generally define the street extending from wall to wall and do not permit 68 
definition of setbacks between the street and the wall. (Setbacks are the portions of the canyon floor that 69 
lie between the street and the canyon wall, such as sidewalks and front yards.) Second, the default street 70 
widths defined in these systems may not accurately represent the streets in actual cities. Third, even if 71 
urban parameterization in the climate model were sufficiently detailed, is hard to develop data describing 72 
realistic urban geometries. Hence, when a WRF/urban canyon model is used to investigate the influence 73 
on urban climate of the widespread adoption of “cool” (highly reflective) streets, the results need to be 74 
scaled to represent realistic urban geometries.   75 
Cities have a quantifiable relationship between air temperature change and canyon albedo change 76 
[Mohegh et al. (submitted)]. Thus, changes in canyon geometry and/or surface albedo alter the canyon 77 
albedo, which may in turn affect the air temperature. Assuming other atmospheric parameters like wind 78 
flow, vertical and horizontal mixing, and turbulence kinetic energy (TKE) remain constant, the current 79 
study relates between changes to canyon albedo and changes to simulated air temperature changes. This 80 
 
1 The surface air temperature (hereafter, “air temperature”) described here is a diagnostic variable that aims to 
predict the air temperature two meters above the surface. Due to the complexities of urban terrain and physics 
parameterizations used in urban models, this variable does not truly represent air temperature at 2 m above the 
ground (Li et al. 2014). Instead, it can be understood as a diagnostic air temperature near the top of the urban 
canopy. 
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permits scaling of climate simulation results to canyon geometries that differ from those modeled. We 81 
present a method for estimating factors for scaling air temperature changes obtained from modeling cool 82 
streets with a WRF/urban canyon model to those changes expected for more realistic canyons. The 83 
advantage of this method is that existing climate model results quantifying the sensitivity of surface air 84 
temperature change to changes in canyon or grid cell albedo can be adjusted without the need to rerun 85 
the computationally expensive climate model. 86 
Scaling factors are estimated by comparing the canyon albedo in the modeled geometry to that of the 87 
realistic geometry. Many UCMs have been developed in the last five decades. Since these models 88 
generally define surface albedos and thermal surface properties, they can be used to estimate canyon 89 
albedo. Let the designation “N-reflection” indicate that the model tracks each ray of light through up to 90 
N reflections from canyon surfaces; any light that strikes a canyon surface after the Nth reflection is 91 
considered to be absorbed. Terjung and Louis (1973) presented the Urban Shortwave Model with the 92 
intention of simulating urban absorption of solar radiation. Their scheme treats the U-shape part of the 93 
canyon as an infinite strip having a uniform canyon floor. The work by Terjung and Louis considers the 94 
orientation of the canyon and solar position and is a one-reflection model. More recently, Tsangrassoulis 95 
and Santamouris (2003) developed a one-reflection canyon albedo model which considers the directional 96 
reflectance of windows. The Urban Surface Albedo model developed by Arnfield (1988) was one of the 97 
first to consider the multiple reflection effect within an urban canyon. Similar calculations of multiple 98 
reflections were also applied in the Albedo Calculation Model developed by Chimklai et al. (2004), and in 99 
the urban energy balance models presented by Masson (2000) and by Harman et al. (2004).  100 
All the models mentioned so far treat the canyon floor as a homogeneous surface of uniform albedo, 101 
assigning the same albedo to the street and its setbacks (if any). Fortuniak (2008) developed an urban 102 
canyon albedo model (UCAM) that slices the floor and walls into small segments and can assign a different 103 
albedo to each segment. This lets it apply to some floor segments the street albedo and to other floor 104 
segments the setback albedo. The Fortuniak UCAM model can be used for any canyon orientation, and 105 
considers multiple reflections between the canyon surfaces. 106 
Although the Fortuniak UCAM could be used to estimate scaling factors, we propose a similar, but simpler 107 
model that treats each wall as a uniform surface and tracks up to three reflections. In the proposed UCAM, 108 
the canyon floor is composed of a central street and surrounding setbacks. We will show that estimates 109 
of canyon albedo calculated with the proposed UCAM agree well with those calculated with the Fortuniak 110 
UCAM, especially for canyons with height-to-width ratios less than unity.  111 
This paper summarizes the physics behind the proposed UCAM, then introduces the concept of “canyon 112 
transmittance,” which can be interpreted as the transmittance of sunlight from canyon ceiling to street 113 
to canyon ceiling. We then calculate scaling factors as the ratio of canyon transmittances (transmittance 114 
from canyon of interest to that of canyon used in climate model). Scaling factors can be used to adjust air 115 
temperature changes obtained from a climate model that used generic canyon geometries to what would 116 
be obtained from using realistic canyon geometries. Finally, we present a case study that uses details of 117 
building stock and street design guidelines to estimate seasonal citywide scaling factors for the city of 118 
Sacramento. 119 
2 Theory 120 
2.1 Proposed Urban Canyon Albedo Model 121 
The proposed three-reflection UCAM calculates the amount of radiant solar power per unit of canyon 122 
length [W/m] (hereafter, “flux”; symbol J) that flows downward through the canyon ceiling. The model 123 
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computes as a function of canyon geometry, surface albedo, and solar position the flux that is reflected 124 
from canyon surfaces—walls, setbacks, and street—and exits through the ceiling. Canyon albedo is 125 
computed as the ratio of upward to downward flux through the canyon ceiling. 126 
2.1.1 Canyon geometry 127 
The proposed UCAM defines the canyon geometry as shown in Figure 1. Surface 1 is the canyon floor, 128 
while surface 2 is the canyon ceiling; floor width 1w  equals ceiling width 2w . The canyon floor includes 129 
a central street (dashed gray line) and two setbacks of equal width (dashed green lines). The floor is 130 
divided into N small segments of equal width 0w , with any particular segment referred to as surface 0. 131 
Based on location, each segment is identified as part of the street or part of a setback.  132 
Surfaces 3 and 4 are the left and right walls, assumed to be of equal height ( 43 hh = ). Each wall may be 133 
partially shaded at times. Surfaces 3u and 4u refer to the unshaded section of each wall, with heights 3uh  134 
and 4uh , respectively. 135 
Surfaces 5 and 6 are the canyon’s light sources. Surface 5 (sun) is the source of beam (a.k.a. direct) 136 
sunlight. Surface 6 (sky) is the source of diffuse sunlight. 137 
 
Figure 1. Elements of the urban canyon (surfaces 0 – 4) and its light sources (surfaces 5 and 6). 138 
2.1.2 Solar fluxes  139 
The proposed UCAM calculates all fluxes that enter the canyon and escape through the ceiling after no 140 
more than three reflections. To calculate the fluxes, the model uses the sun position, canyon orientation, 141 
albedo and dimension of canyon elements, and hourly beam and diffuse horizontal solar irradiances. 142 
The fluxes that escape the canyon after the first, second, or third reflection are listed in Table 1, Table 2, 143 
and Table 3, respectively. In the flux formulas, Xρ  is the albedo (solar reflectance) of surface X . 2J  is 144 
the diffuse sky flux entering through the ceiling, while 05→J , u35→J , and u45→J  are the beam solar fluxes 145 
to a sunlit floor segment, to the sunlit portion of the left wall, and to the sunlit portion of the right wall, 146 
respectively.  147 
The dimensions of the canyon elements are used to calculate view factors. A view factor (a.k.a. 148 
configuration factor or shape factor) YX→F  to surface Y from surface X is the fraction of radiant energy 149 
leaving surface X that is intercepted by surface Y. 150 
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The fluxes that strike a floor segment (surface 0) are calculated independently for each floor segment. 151 
According to its location, the segment is assigned the albedo of either the setback or the street. The 152 
proposed three-reflection UCAM computes the total upward flux as the sum of all the fluxes listed in Table 153 
1 through Table 3, including the fluxes that strike each floor segment. Canyon albedo is then computed 154 
as the ratio of upward to downward flux through the canyon ceiling. Appendix A gives additional details 155 
on how to calculate the solar fluxes and the canyon albedo. Appendix B details calculation of the view 156 
factors. 157 
Table 1. Fluxes that escape the canyon after the first reflection. 158 
Path Formula 
ceiling (2) to left wall (3) to ceiling (2) 233322 →→ ⋅⋅⋅ FFJ ρ  
ceiling (2) to right wall (4) to ceiling (2) 244422 →→ ⋅⋅⋅ FFJ ρ  
ceiling (2) to segment (0) to ceiling (2) 200022 →→ ⋅⋅⋅ FFJ ρ  
sun (5) to sunlit left wall (3u) to ceiling (2) 2u333u5 →→ ⋅⋅ FJ ρ  
sun (5) to sunlit right wall (4u) to ceiling (2) 2u444u5 →→ ⋅⋅ FJ ρ  
sun (5) to segment (0) to ceiling (2) 20005 →→ ⋅⋅ FJ ρ  
Table 2. Fluxes that escape the canyon after the second reflection. 159 
Path Formula 
ceiling (2) to left wall (3) to right wall (4) to ceiling (2) 244433322 →→→ ⋅⋅⋅⋅⋅ FFFJ ρρ  
ceiling (2) to left wall (3) to segment (0) to ceiling (2) 200033322 →→→ ⋅⋅⋅⋅⋅ FFFJ ρρ  
ceiling (2) to right wall (4) to left wall (3) to ceiling (2) 233344422 →→→ ⋅⋅⋅⋅⋅ FFFJ ρρ  
ceiling (2) to right wall (4) to segment (0) to ceiling (2) 200044422 →→→ ⋅⋅⋅⋅⋅ FFFJ ρρ  
ceiling (2) to segment (0) to left wall (3) to ceiling (2) 233300022 →→→ ⋅⋅⋅⋅⋅ FFFJ ρρ  
ceiling (2) to segment (0) to right wall (4) to ceiling (2) 244400022 →→→ ⋅⋅⋅⋅⋅ FFFJ ρρ  
sun (5) to sunlit left wall (3u) to right wall (4) to ceiling (2) 2444u333u5 →→→ ⋅⋅⋅⋅ FFJ ρρ  
sun (5) to sunlit left wall (3u) to segment (0) to ceiling (2) 2000u333u5 →→→ ⋅⋅⋅⋅ FFJ ρρ  
sun (5) to sunlit right wall (4u) to left wall (3) to ceiling (2) 2333u444u5 →→→ ⋅⋅⋅⋅ FFJ ρρ  
sun (5) to sunlit right wall (4u) to segment (0) to ceiling (2) 2000u444u5 →→→ ⋅⋅⋅⋅ FFJ ρρ  
sun (5) to segment (0) to left wall (3) to ceiling (2) 23330005 →→→ ⋅⋅⋅⋅ FFJ ρρ  
sun (5) to segment (0) to right wall (4) to ceiling (2) 24440005 →→→ ⋅⋅⋅⋅ FFJ ρρ  
Table 3. Fluxes that escape the canyon after the third reflection. 160 
Path Formula 
ceiling (2) to segment (0) to left wall (3)  
to right wall (4) to ceiling (2) 244433300022 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to segment (0) to right wall (4)  
to left wall (3) to ceiling (2) 233344400022 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to segment (0) to left wall (3)  
to segment (0) to ceiling (2) 200033300022 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to segment (0) to right wall (4)  
to segment (0) to ceiling (2) 200044400022 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to left wall (3) to right wall (4)  
to left wall (3) to ceiling (2) 233344433322 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
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ceiling (2) to left wall (3) to right wall (4)  
to segment (0) to ceiling (2) 200044433322 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to left wall (3) to segment (0)  
to left wall (3) to ceiling (2) 233300033322 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to left wall (3) to segment (0)  
to right wall (4) to ceiling (2) 244400033322 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to right wall (4) to left wall (3)  
to right wall (4) to ceiling (2) 244433344422 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to right wall (4) to left wall (3)  
to segment (0) to ceiling (2) 200033344422 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to right wall (4) to segment (0)  
to left wall (3) to ceiling (2) 233300044422 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
ceiling (2) to right wall (4) to segment (0)  
to right wall (4) to ceiling (2) 244400044422 →→→→ ⋅⋅⋅⋅⋅⋅⋅ FFFFJ ρρρ  
sun (5) to segment (0) to left wall (3)  
to right wall (4) to ceiling (2) 24443330005 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to segment (0) to right wall (4)  
to left wall (3) to ceiling (2) 23334440005 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to segment (0) to left wall (3)  
to segment (0) to ceiling (2) 20003330005 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to segment (0) to right wall (4)  
to segment (0) to ceiling (2) 20004440005 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit left wall (3u) to right wall (4)  
to left wall (3) to ceiling (2) 2333444u333u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit left wall (3u) to right wall (4)  
to segment (0) to ceiling (2) 2000444u333u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit left wall (3u) to segment (0)  
to left wall (3) to ceiling (2) 2333000u333u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit left wall (3u) to segment (0)  
to right wall (4) to ceiling (2) 2444000u333u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit right wall (4u) to left wall (3)  
to right wall (4) to ceiling (2) 2444333u444u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit right wall (4u) to left wall (3)  
to segment (0) to ceiling (2) 2000333u444u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit right wall (4u) to segment (0)  
to left wall (3) to ceiling (2) 2333000u444u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
sun (5) to sunlit right wall (4u) to segment (0)  
to right wall (4) to ceiling (2) 2444000u444u5 →→→→ ⋅⋅⋅⋅⋅⋅ FFFJ ρρρ  
2.1.3 Canyon transmittance 161 
Canyon transmittance canyonτ  is defined as the ratio of (a) the increase in sunlight reflected through the 162 
canyon ceiling upon raising the albedo of a street in the canyon, to (b) the increase in sunlight reflected 163 
upon raising the albedo of the same street not in a canyon. It can be interpreted as the transmittance of 164 
sunlight from canyon ceiling to street to canyon ceiling.  165 
Let downτ  represent the fraction of downward solar flux (downflux) from the sun and sky that travels from 166 
ceiling to floor, from ceiling to wall to street, or from ceiling to wall to opposite wall to street. Similarly, 167 
let upτ  represent the fraction of sunlight reflected from the street that travels from street to ceiling, from 168 
street to wall to ceiling, or from street to wall to opposite wall to ceiling. 169 
Neglecting reflection of light from street to wall to floor, and from street to wall to opposite wall to floor, 170 
increasing by stρ∆  the albedo of a street of width stw  inside a canyon will increase the upward solar flux 171 
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(upflux) through the canyon ceiling by  172 
 upststdownginsideup, τρτ ∆=∆ wIJ  . (1) 
where gI [W/m²] is the global horizontal solar irradiance. Increasing by Δρr the albedo of the same street 173 
outside a canyon will increase its upflux by  174 
 ststgoutsideup, ρ∆=∆ wIJ . (2) 
Therefore 175 
 updown
ststg
upststdowng
outsideup,
insideup,
canyon ττρ
τρτ
τ =
∆
∆
=
∆
∆
≡
wI
wI
J
J  . (3) 
Canyon transmittance should approach unity as canyon height approaches zero, and should never exceed 176 
unity.  177 
The proposed UCAM is used to calculate the upward flux leaving the canyon, upJ , as a function of street 178 
albedo. upJ  is obtained by summing all fluxes listed in Table 1, Table 2, and Table 3, including those 179 
intercepted by each floor segment. We can then obtain the increase in upflux inside up,J∆   upon increasing 180 
by stρ∆  the albedo of a street in the canyon by subtracting upJ  calculated with the original road albedo 181 
from upJ  calculated with the modified street albedo:  182 
 )()( original st,upmodified st,upup,inside ρρ JJJ −=∆  . (4) 
)( original st,up ρJ  is the upward flux leaving the canyon calculated with the original street albedo, and 183 
)( modified st,up ρJ  is that calculated with the modified pavement albedo. The modified street albedo is 184 
obtained as 185 
 storiginal st,modified st, ρρρ ∆+= . (5) 
2.1.4 Scaling factor 186 
Changing the geometry and surface albedos of an urban canyon may perturb various local atmospheric 187 
parameters such as wind flow, vertical and horizontal mixing, and TKE. These parameters may affect the 188 
surface and temperatures. Assuming the atmospheric parameters remain constant, we expect changes in 189 
air temperature to be proportional to changes in the albedo of the canyon surfaces [Li et al. 2014, Mohegh 190 
et al. (submitted)]. To elaborate, the reduction in the air temperature is proportional to the reduction in 191 
the canyon’s solar heat gain, which in turn is proportional to the decrease in the canyon’s solar 192 
absorptance. The reduction in canyon solar absorptance is the same as the increase in canyon albedo. 193 
Hence, the reduction in air temperature is proportional to the increase in flux reflected from the canyon 194 
( insideup,J∆ ), or simply  195 
 insideup,JT ∆∝∆ . (6) 
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Climate models can be used to predict the reduction in air temperature upon increasing the street albedo 196 
in a canyon. However, this change in air temperature applies only to a city with the canyon geometry 197 
defined in the climate model, and must be adjusted to describe air temperature changes that will occur 198 
in a city with different canyon geometries. 199 
To illustrate, assume that the climate model was used to obtain the air temperature change from 200 
modifying the street albedo in a city composed of narrow canyons (canyons with no setbacks). The 201 
narrow-canyon temperature change nT∆  may need to be scaled to estimate temperature changes wT∆  202 
from wide canyons (canyons with setbacks), where subscripts n and w refer to narrow and wide canyons, 203 
respectively. Assuming T∆  is proportional to insideup,J∆ , we define a canyon reflection scaling factor 204 
wn→σ  to relate the air temperature changes in a wide canyon to those in a narrow canyon: 205 
 nwnw TT ∆=∆ →σ   (7) 
where 206 
 
ninside,up,
winside,up,
n
w
wn J
J
T
T
∆
∆
=
∆
∆
≡→σ  . (8) 
The increase in canyon-reflected flux insideup,J∆  upon raising street albedo by stρ∆  is proportional to 207 
τcanyon. If the wide and narrow canyons have the same street width and the same increase in street albedo, 208 
then 209 
 ststgnoutside,up,woutside,up, ρ∆=∆=∆ wIJJ  (9) 
and the scaling factor equals the ratio of canyon transmittance: 210 
 
ncanyon,
wcanyon,
noutside,up,ncanyon,
woutside,up,wcanyon,
ninside,up,
winside,up,
wn τ
τ
τ
τ
σ =
∆
∆
=
∆
∆
=→ J
J
J
J
 . (10) 
Citywide scaling factor. The shapes of urban canyons can vary between cities and within a city. However, 211 
they can be estimated from the city’s street design standards and building stock. First, several wide 212 
canyons are defined, each with geometries that represent a particular city region and dimensions that 213 
follow the street design guidelines of that region. Next, we compute a canyon reflection scaling factor for 214 
each wide canyon to relate the air temperature changes in the wide canyon to those in a narrow canyon. 215 
Each building of the city is then mapped to one of the newly defined wide canyons. Finally, a citywide 216 
scaling factor ( wn→σ ) can be calculated as the average of the scaling factors of each wide canyon 217 
weighted by the number of buildings assigned to each wide canyon. The citywide scaling factor can be 218 
used in Eq. (7) to scale the changes in air temperature of a city modeled entirely with the narrow canyon 219 
to the city composed of the more realistic wide canyons. 220 
3 Comparing proposed UCAM to Fortuniak UCAM 221 
3.1 Methodology 222 
In addition to the proposed three-reflection UCAM, we generated one-reflection and two-reflection 223 
versions of the proposed UCAM. Each version (one-, two-, or three-reflection) of the proposed UCAM was 224 
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compared to the Fortuniak UCAM (Fortuniak 2008). Fortuniak calculated albedos for north-south (N-S) 225 
and east-west (E-W) canyons with the ratio of building height (H) to floor (street + setbacks) width (W), 226 
H/W, ranging from 0.1 to 8. He assigned to the floor and walls an albedo of 0.40, and computed solar 227 
irradiances following the Global Radiation Model proposed by Davies et al. (1975). We applied the three 228 
versions of the proposed UCAM to canyon geometries previously analyzed by Fortuniak, using the same 229 
floor albedo, wall albedo, solar positions, and irradiances. 230 
The proposed UCAM and the Fortuniak UCAM were compared by calculating the daily mean difference 231 
(proposed UCAM – Fortuniak UCAM) in daily-mean canyon albedo, and the root-mean-square difference 232 
(RMSD) between the instantaneous canyon albedos for each H/W value, canyon orientation, and 233 
proposed UCAM version. 234 
3.2 Results 235 
Figure 2 compares for N-S canyons (panels a–c) and E-W canyons (panels d–f) the instantaneous canyon 236 
albedos calculated by Fortuniak (2008) to the one-reflection (panels a and d), two-reflection (panels b and 237 
e), and three-reflection (panels c and f) versions of the proposed UCAM. Each panel shows instantaneous 238 
canyon albedos for H/W values of 0.1, 0.5, 1, 4, and 8. Table 4 lists by H/W value and canyon orientation 239 
(N-S, E-W) the differences (proposed UCAM – Fortuniak UCAM) in daily-mean canyon albedo, calculated 240 
using Eq. (A-18). Table 4 also reports the root-mean-square differences (RMSDs) between the 241 
instantaneous canyon albedos estimated with each version of the proposed UCAM and those estimated 242 
by Fortuniak UCAM. 243 
For each H/W value, all instantaneous albedos calculated with the three versions of the proposed UCAM 244 
are lower than the albedo generated by the Fortuniak UCAM. These differences in albedo between the 245 
Fortuniak UCAM and the proposed UCAM increase with H/W.  246 
The albedos obtained with the one-reflection version of the proposed UCAM are significantly lower than 247 
those obtained by Fortuniak, especially for H/W > 0.1. For H/W equal to 0.1, the one-reflection version 248 
gives a daily mean albedo that is 0.013 (E-W) and 0.017 (N-S) lower than the estimate from Fortuniak 249 
UCAM, with RMSDs of 0.019 (N-S) and 0.014 (E-W). However, for H/W equal to 1, the daily mean canyon 250 
albedo from the one-reflection version was about 0.046 lower than the estimate from Fortuniak UCAM 251 
for N-S and E-W canyons; RMSD was 0.046 for N-S and E-W canyons. 252 
The albedo estimates with the proposed UCAM improved with the two- and three-reflection versions. As 253 
an example, the albedos obtained for H/W ≤ 1 with the three-reflection version match very well with 254 
Fortuniak’s albedos. The mean RMSDs were small, ranging from 0.002 (H/W = 0.1) to 0.007 (H/W = 1). 255 
All of the canyons defined in Section 5.1.1 have H/W < 1 (Table 6); the single-family home canyon has a 256 
H/W of 0.18. The city’s most common building type is single-family home (Public Records 2015). 257 
Therefore, the two- and three-reflection versions of the proposed UCAM are suitable for estimating the 258 
albedo of the canyons we defined for Sacramento. However, we use the three-reflection version for all 259 
remaining analyses in this study because is slightly more accurate than the two-reflection version. 260 
 261 
 262 
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Fortuniak UCAM and proposed 
UCAM (one-reflection version) 
Fortuniak UCAM and proposed 
UCAM (two-reflection version) 
Fortuniak UCAM and proposed 
UCAM (three-reflection version) 
(a) (b) (c) 
   
(d) (e) (f) 
   
Figure 2. Instantaneous canyon albedos calculated with the Fortuniak UCAM (solid lines) are compared to canyon 263 
albedos calculated with the one-reflection (panels a and d), two-reflection (panels b and e), and three-reflection 264 
(panels c and f) versions of the proposed UCAM (dotted lines). The albedo of each canyon surface is 0.40; H/W 265 
ranges from 0.1 to 8. Canyon is evaluated at latitude 55°N on June 22. The canyons are oriented N-S (panels a–c) 266 
and E-W (panels d–f). 267 
Table 4. Differences (proposed UCAM – Fortuniak UCAM) in daily-mean canyon albedo as well as root-mean-268 
square differences (RMSDs) of the instantaneous canyon albedos plotted in Figure 2. Daily-mean differences and 269 
RMSDs are listed for the one-, two-, and three-reflection versions of the proposed UCAM against the Fortuniak 270 
UCAM. 271 
H/W Maximum number 
of reflections 
Daily-mean difference (proposed UCAM 
– Fortuniak UCAM) in canyon albedo 
RMSD in instantaneous 
canyon albedo 
N-S canyon E-W canyon N-S canyon E-W canyon 
0.1 1 -0.013 -0.017 0.019 0.014 2 -0.003 -0.003 0.003 0.003 
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3 -0.002 -0.002 0.002 0.002 
0.5 
1 -0.042 -0.048 0.048 0.042 
2 -0.010 -0.010 0.010 0.010 
3 -0.007 -0.007 0.007 0.007 
1 
1 -0.046 -0.046 0.046 0.046 
2 -0.013 -0.013 0.013 0.013 
3 -0.007 -0.007 0.007 0.007 
4 
1 -0.037 -0.038 0.038 0.038 
2 -0.022 -0.024 0.026 0.024 
3 -0.018 -0.020 0.022 0.020 
8 
1 -0.039 -0.040 0.041 0.041 
2 -0.031 -0.033 0.035 0.033 
3 -0.028 -0.030 0.032 0.031 
4 Demonstrating calculation of scaling factors 272 
4.1 Methodology 273 
We compare by season the increase in canyon-reflected flux upon raising street albedo in a narrow canyon 274 
(no setbacks) ninside,up,J∆ , to that upon raising the street albedo in a wide canyon (with setbacks) 275 
winside,up,J∆ . The narrow canyon (hereafter, “simple narrow canyon”) has a 10 m wide street. The wide 276 
canyon (hereafter, “simple wide canyon”) also has a 10 m wide street, plus 10 m wide setbacks. Each 277 
canyon has 10 m high walls with albedo 0.20 and the street has an albedo of 0.10. The setbacks in the 278 
simple wide canyon have an albedo of 0.10 (Table 5). The street albedo was raised to 0.40 from 0.10 to 279 
represent a scenario in which a typical low-albedo pavement like asphalt concrete is treated with a 280 
reflective polymer coating. Our examples use hourly solar positions and solar irradiances in Sacramento, 281 
CA near the summer solstice. The seasonal scaling factors are calculated as the ratio of winside,up,J∆  to  282 
ninside,up,J∆ . 283 
Table 5. Geometries of the simple narrow canyon and the simple wide canyon. 284 
Canyon version 
Wall height, 
H [m] 
Street 
width [m] 
Setback 
width [m] 
Floor width, 
W [m] H/W 
simple narrow canyon 10 10 0 10 1.00 
simple wide canyon 10 10 10 30 0.33 
4.2 Results 285 
Figure 3 compares the increase in canyon-reflected flux upon raising street albedo to 0.40 from 0.10 in 286 
the simple narrow canyon ( ninside,up,J∆ ) to that upon raising street albedo in the simple wide canyon (287 
winside,up,J∆ ). The plots show seasonal canyon-reflected flux for canyons the canyons oriented E-W and N-288 
S. A representative day of each season is obtained by calculating the hourly mean solar irradiances (global 289 
horizontal and diffuse horizontal) of 21 days around the summer and winter solstices and the spring and 290 
fall equinoxes. 291 
Page 12 of 26 
 
(a) (b) 
  
(c) (d) 
  
Figure 3. Hourly increases in canyon-reflected flux [W/m] when raising street albedo to 0.40 from 0.10 for 292 
representative days in (a) summer (b) fall, (c) winter, and (d) spring. 293 
The difference in canyon-reflected flux when modifying the street albedo varies by canyon orientation 294 
and season (Figure 3).  However, when the street is in the simple wide canyon, it is able to reflect out of 295 
the canyon much more solar flux than when it is in the simple narrow canyon. The daily mean increases 296 
in canyon-reflected flux in the simple narrow canyon ninside,up,J∆ , averaged between E-W and N-S canyons, 297 
are 269 W/m (representative summer day), 106 W/m (fall), 30.0 W/m (winter), and 112 W/m (spring). 298 
These differences in canyon-reflected flux represent the average of E-W and N-S canyons. For the simple 299 
wide canyon, the differences in flux were 778 W/m (summer), 478 W/m (fall), 105 W/m (winter), and 499 300 
W/m (spring). Thus, the ratios of winside,up,J∆  to ninside,up,J∆  give 2.90 (summer), 4.52 (fall), 3.52 (winter), 301 
and 4.45 (spring). These ratios are the factors wn→σ  for scaling air temperatures from the simple narrow 302 
canyon to the simple wide canyon. 303 
5 Calculating citywide scaling factors using the proposed UCAM 304 
5.1 Methodology 305 
We present the method for scaling changes in a city’s air temperatures obtained from modeling cool 306 
streets with a WRF/urban canyon model. First, we defined a narrow canyon with dimensions of the high-307 
density residential land-use category from United States Geological Survey (USGS) National Land Cover 308 
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Database, or NLCD (Homer et al. 2011). Second, we used the dimensions of 10 building prototypes and 309 
the street design guidelines of Sacramento to define 10 realistic wide canyons. After calculating the 310 
seasonal scaling factors for each wide canyon, we obtained the seasonal citywide scaling factors weighted 311 
by the number of buildings in Sacramento mapped to each wide canyon.  312 
5.1.1 Defining canyon geometries 313 
NLCD narrow canyon 314 
The three urban land-use categories defined in the NLCD are “low-intensity residential”, “high-intensity 315 
residential”, and “industrial & commercial”. These three categories are the default options in WRF for 316 
defining urban canyons, and each omits setbacks (canyon floor width equals street width). Additionally, 317 
the street widths in these default canyons vary between 8.3 m (low-intensity residential) to 10 m 318 
(industrial & commercial). These street widths are narrower than the widths of large portions of city 319 
streets (Sacramento Street Design Standards 2009). Since single-family homes and multi-family buildings 320 
are the most common type of buildings in Sacramento (Public Records 2015), we defined an “NLCD narrow 321 
canyon” based on the NLCD high-intensity residential canyon geometry (Table 6). 322 
Realistic wide canyons 323 
Ten “wide” canyons were defined to represent actual wall, street, and setback dimensions obtained from 324 
building prototypes and from the street design guidelines of Sacramento. Wall heights in two residential 325 
scenarios—single-family home and apartment building—were obtained from the building models 326 
provided by the United States Department of Energy (DOE) Building Energy Codes Program (PNNL 2014). 327 
The wall heights of eight commercial scenarios were obtained from DOE’s commercial reference building 328 
models (Deru et al. 2011).  329 
The street widths vary according to street design standards. Each building prototype was mapped to a 330 
street type depending on the building use and size. We obtained the dimensions and lane configurations 331 
of each street type for the city of Sacramento (Sacramento Street Design Standards 2009).  332 
The setback widths follow street design guidelines specified by building type in the Zoning Code of 333 
Sacramento County (ZCSC 2015) and in the Street Design Standards for the City of Sacramento 334 
(Sacramento Street Design Standards 2009). 335 
Table 6 details the dimensions of the wide canyons. Notice that none of the canyons have a height-to-336 
width ratio H/W > 1. Wide-canyon H/W ranges from 0.04 (retail stand-alone canyon) to 0.93 (large office 337 
canyon), with a mean of 0.25. 338 
Table 6. Dimensions for the narrow and wide canyons. 339 
Canyon type Canyon name 
Wall height, 
H [m] 
Street 
width [m] 
Setback 
width [m] 
Floor width, 
W [m] H/W 
Narrow NLCD narrow 7.5 9.4 0.0 9.4 0.80 
Wide 
Single-family home 5.2 9.1 9.6 28.3 0.18 
Apartment building 7.8 9.1 11.1 31.3 0.25 
Large hotel 21.6 16.5 19.7 55.9 0.39 
Large office 37.5 16.5 12.0 40.5 0.93 
Medium office 11.9 11.0 11.1 33.2 0.36 
Primary school 4.0 9.1 11.1 31.3 0.13 
Fast-food restaurant 3.1 11.0 18.7 48.4 0.06 
Retail stand-alone 6.1 22.0 64.5 151.0 0.04 
Strip mall retail 5.2 16.5 18.7 53.9 0.10 
Sit-down restaurant 3.1 9.1 18.7 46.5 0.07 
Page 14 of 26 
 
5.1.2 Scaling factor for city composed of the wide canyons 340 
We demonstrate the method for scaling the air temperature changes obtained from simulating an albedo 341 
increase of 0.30 for Sacramento’s public streets. The temperature changes were simulated using WRF 342 
version 3.5.1 coupled to the single layer urban canopy model [Mohegh et al. (submitted)] in which all 343 
urban canyons were defined with the NLCD’s high-intensity residential canyon type. To scale the 344 
simulated temperature changes, we use the building stock of Sacramento and assume the city is 345 
composed of the wide canyons defined in Section 5.1.1. 346 
Sacramento’s building stock 347 
Sacramento’s building stock was obtained from the Sacramento County Assessor office (Public Records 348 
2015). The County Assessor office is responsible for the discovery and assessment of all the properties 349 
within its jurisdiction. Their public records provide information for each of the properties, which include 350 
location (county, city, and zip code) and property type (e.g., single-family home, office building). 351 
All properties in the County Assessor’s building stock data are classified into 63 types. We grouped and 352 
tallied the properties by type. Nearly half of the property types—e.g., vacant land, agricultural fields—353 
were not relevant to our study. That left 32 relevant property types. Each remaining property type was 354 
mapped to one of the wide geometry canyons to represent all the relevant buildings in Sacramento (Table 355 
7). 356 
Table 7. Mapping of Sacramento’s building stock to the wide canyons. 357 
Wide canyon 
name Stock property types  
Wide canyon 
name Stock property types 
Single-family 
home 
Single family residence 
Duplex 
Triplex 
Mobile home 
Trailer park  
Miscellaneous residential 
Fraternal organization 
 
Apartment 
building 
Multi-family dwelling (2-4 units) 
Multi-family residence (5+ units) 
Quadruplex 
Timeshare 
Condominium 
Planned unit development (PUD) 
Cooperative 
Large hotel 
Hotel 
Motel 
Casino 
Hospital 
Convalescent home 
 
Medium 
office 
Store/office combo 
Medical building 
Miscellaneous commercial 
Nursery 
Veterinary 
Governmental 
Retail stand-
alone 
Department store 
Food store 
Market 
Bowling alley 
 
Strip mall 
retail 
Shopping center 
Stores 
Retail outlet 
Fast-food 
restaurant 
Laundry 
Dry cleaning 
 Sit-down 
restaurant 
Restaurant 
Bar 
Food service 
Large office Financial building Office building 
 Primary 
school School 
Weighted citywide scaling factor 358 
The proposed UCAM was used to calculate seasonal canyon transmittance for the NLCD narrow canyon 359 
and for each wide canyon. The seasonal scaling factors for each wide canyon were then obtained as the 360 
ratios of wide canyon seasonal transmittances to NLCD narrow canyon seasonal transmittance. Finally, 361 
the seasonal citywide scaling factors wn→σ  were calculated as the average of the scaling factors weighted 362 
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by the number of buildings mapped to each wide canyon. 363 
5.2 Results 364 
5.2.1 Comparing canyon transmittances 365 
The NLCD narrow canyon and the 10 realistic wide canyons were modeled for Sacramento, CA to calculate 366 
their canyon transmittance when raising the street albedo to 0.40 from 0.10. The canyon transmittances 367 
were calculated for each season and averaged over the two orientations (Figure 4).  368 
The seasonal canyon transmittances of the NLCD narrow canyon are 0.24 (spring), 0.33 (summer), 0.24 369 
(fall), and 0.21 (winter). The large office canyon has very tall walls compared to the other wide canyons, 370 
and is the only wide canyon with seasonal transmittances similar to the NLCD narrow canyon. Canyon 371 
transmittances of the large office are 0.17 (spring), 0.34 (summer), 0.17 (fall), and 0.20 (winter).  372 
The transmittances of the canyons associated with the single-family home, the two restaurants, the two 373 
retail buildings, and the primary school are 0.85 or higher. The transmittances in each of these canyons 374 
vary little between spring, summer, and fall. For the single-family home, the winter transmittance is 0.05 375 
lower than its other seasonal transmittances; for the restaurants and retail stores, the winter 376 
transmittances are 0.01 lower than their other seasonal transmittances.   377 
 
Figure 4. Seasonal transmittances of narrow canyon (first group of columns) and wide canyons (remaining groups of 378 
columns) in Sacramento. 379 
5.2.2 Citywide scaling factor to represent Sacramento 380 
Table 8 lists the seasonal scaling factors of each wide canyon as well as the number of buildings in 381 
Sacramento mapped to the wide canyons. With the exception of the large office canyon, the scaling 382 
factors were smallest for summer and largest for winter. In summer, scaling factors ranged from 1.03 383 
(large office) to 2.98 (restaurants); in winter, scaling factors ranged from 0.94 (large office) to 4.61 384 
(restaurants). The weighted average citywide scaling factors are 3.64 (spring), 2.70 (summer), 3.71 (fall), 385 
and 3.89 (winter). 386 
Table 8. Seasonal scaling factors (calculated), and number of buildings (mapped) for each wide canyon. 387 
Wide canyon name 
Narrow to wide canyon scaling factor, wn→σ  Number of buildings 
in Sacramento Spring Summer Fall Winter 
Single-family home 3.70 2.74 3.77 3.99 202,567 
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Apartment building 3.45 2.57 3.51 3.35 11,946 
Large hotel 2.85 2.14 2.89 2.40 299 
Large office 0.70 1.03 0.69 0.94 2,194 
Medium office 2.95 2.21 3.00 2.50 6,339 
Primary school 3.91 2.89 3.97 4.37 422 
Fast-food restaurant 4.05 2.98 4.14 4.61 0 
Retail stand-alone 3.99 2.94 4.06 4.47 187 
Strip mall retail 4.00 2.95 4.07 4.49 1,899 
Sit-down restaurant 4.05 2.98 4.14 4.61 581 
6 Discussion  388 
6.1 Merits of the proposed UCAM 389 
We compared the albedo of canyons with different H/W calculated with three versions (one-reflection, 390 
two-reflection, and three-reflection) of the proposed UCAM to the canyon albedos calculated by Fortuniak 391 
(2008). The agreement between the Fortuniak UCAM and the proposed UCAM was weakest for the one-392 
reflection version. The two-reflection and three-reflection versions of the proposed UCAM agreed well 393 
with the Fortuniak UCAM, especially for H/W ≤  1. We selected the three-reflection version to calculate 394 
the seasonal citywide scaling factors for Sacramento because it matched results from the Fortuniak UCAM 395 
slightly better than did the two-reflection version. The additional computations required to run the three-396 
reflection version instead of the two-reflection version are the fluxes that escape the canyon after the 397 
third reflection (Table 3). However, executing the third-reflection version do not add significant execution 398 
time compared to that of the two-reflection version.  399 
6.2 Calculating canyon transmittances and scaling factors 400 
The method for calculating scaling factors was first demonstrated by comparing the change in solar flux 401 
reflected from the simple narrow canyon to that of the simple wide canyon when raising the street albedo 402 
by 0.30. The simple wide canyon was able to reflect substantially more sunlight than the simple narrow 403 
canyon, with wide-to-narrow canyon reflected flux ratios of 2.90 in summer, 4.52 in fall, 3.52 in winter, 404 
and 4.45 in spring. These ratios are the seasonal scaling factors (discussed in Section 2.1.4) for adjusting 405 
air temperature changes from a narrow canyon to a wide canyon. 406 
We calculated scaling factors for simulated air temperature changes obtained from modeling cool streets 407 
in Sacramento with the NLCD narrow canyon. The NLCD narrow canyon geometry represents the 408 
dimensions defined for the “high-intensity residential” land-use category described in NLCD. In 409 
Sacramento, single-family home is the predominant building type—89% of Sacramento’s building stock is 410 
single-family homes. Therefore, the weighted citywide scaling factor in each season is overwhelmingly 411 
dominated by the scaling factor of the single-family home canyon. The scaling factors of the single-family 412 
home canyon vary from 2.74 (summer) to 3.99 (winter). These scaling factors demonstrate that although 413 
the NLCD canyon is used to describe residential urban canyons (the most common canyon type in 414 
Sacramento), air temperature changes simulated with the NLCD canyon need to be scale between 2.74 415 
and 3.99 times to properly represent realistic residential canyon geometries. 416 
The smallest scaling factors were those for the large office canyon, which ranged from 0.70 to 1.03. These 417 
scaling factors close to unity means that the transmittances of the large office canyon are similar to the 418 
NLCD narrow canyon. (The large office canyon has 37.5 m tall walls, 16.5 m wide street, 12 m wide 419 
setbacks, and H/W = 0.93.) 420 
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7 Summary 421 
The WRF/urban canyon model can be used to study how modifying the albedo of urban canyon surfaces 422 
changes the urban climate. However, the canyon geometries defined in these systems may not accurately 423 
describe actual urban canyon dimensions; they often define the street extending from wall to wall with 424 
no setbacks between the street and the wall, and the street width may not accurately represent the 425 
streets in actual cities. It is also challenging to create datasets that describe citywide urban canyon 426 
geometries.  427 
We expect urban air temperature changes to be proportional to changes in canyon albedo. Since canyon 428 
albedo is related to the canyon geometry, it is important to define detailed urban geometries in UCMs to 429 
better simulate the urban climate. This study presented a method to scale previously obtained air 430 
temperature changes that were simulated using UCMs defined with generic canyon geometries. The 431 
method describes how to calculate scaling factors for the temperature changes specific to urban 432 
geometry, location, and season. 433 
The first step for calculating scaling factors is using the proposed UCAM to calculate the downward solar 434 
flux entering the canyon and the upward flux exiting the canyon. The canyon albedo can then be obtained 435 
as the ratio of upward to downward solar flux. We introduce the concept of canyon transmittance to 436 
describe the ability of a street inside a canyon to increase the reflection of sunlight through the canyon 437 
ceiling upon raising the albedo of the street. The proposed UCAM is used to calculate canyon 438 
transmittances. Finally, a scaling factor is then obtained as the ratio of canyon transmittances 439 
(transmittance from canyon of interest to transmittance of canyon used in climate model).  440 
To demonstrate the physics behind a scaling factor, we compared the change in solar flux reflected from 441 
the simple narrow (no setbacks) canyon to that of the simple wide (with setbacks) canyon when raising 442 
the street albedo by 0.30. The street in each canyon was 10 m wide, and the setbacks in the simple wide 443 
canyon were 10 m wide. Each wall in both canyons was also 10 m high. The simple wide canyon was able 444 
to reflect from 2.90 (summer) to 4.52 (fall) times more solar flux than the simple narrow canyon. These 445 
multipliers are the scaling factors for adjusting air temperature changes obtained with the simple narrow 446 
canyon to the simple wide canyon. 447 
As a case study, we showed how to scale simulated air temperature changes obtained from modeling cool 448 
streets in Sacramento with WRF/urban canyon model. First, we defined the NLCD narrow canyon 449 
following the default geometry defined in the “high-intensity residential” land-use category described in 450 
the NLCD. Ten realistic wide canyons were also defined using 10 building prototypes as well as street 451 
design guidelines of Sacramento.  We calculated seasonal values of canyon transmittance canyonτ  for each 452 
canyon. The seasonal canyonτ  of the NLCD narrow canyon ranged from 0.21 (winter) to 0.33 (summer). 453 
The large office canyon had tall walls (H/W = 0.93) and its canyon transmittances were similar to those of 454 
the NLCD narrow canyon. However, the canyon transmittances associated with the single-family home 455 
canyon, the two restaurant canyons, the two retail store canyons, and the primary school canyon ranged 456 
from 0.85 (winter of single-family home canyon) to 0.99 (spring, summer, and fall of restaurant canyons). 457 
The seasonal scaling factors for each wide canyon were then obtained as the ratio of the wide canyon 458 
transmittance to the NLCD narrow canyon transmittance. With the exception of the large office canyon, 459 
scaling factors were smallest in summer and highest in winter.   460 
Sacramento’s building stock was mapped by building type to the 10 wide canyons. The seasonal citywide 461 
scaling factors were obtained by averaging the scaling factors, weighted by the number of buildings in 462 
Sacramento assigned to each wide canyon. Since residential buildings are the most common building type 463 
in the city, the citywide scaling factors are dominated by residential canyons. The seasonal citywide scaling 464 
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factors were 3.64 (spring), 2.70 (summer), 3.71 (fall), and 3.89 (winter). Rounding results to two significant 465 
figures, this indicates that the air cooling effect of raising street albedo by 0.30 in Sacramento is about 2.7 466 
(summer) to 4.0 (winter) times that which was simulated with a narrow-canyon urban climate model. 467 
Including spatial variations in urban canyon geometry could improve future studies of urban climate, 468 
especially those exploring the consequences of changes to the thermophysical properties of the canyon. 469 
While the NUDAPT dataset is an important initial effort for defining realistic urban geometries, we suggest 470 
that future research should develop urban canyon geometrical datasets for cities worldwide that 471 
accurately represent the street and setbacks of the canyon floor. These datasets could then be used in 472 
WRF/urban models for studies of urban climate. For existing climate model results, the method presented 473 
in this study provides a solution to scale the modeled air temperatures without the need to repeat 474 
computationally expensive climate simulations. 475 
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APPENDICES 487 
A Calculating solar fluxes and canyon albedo 488 
A.1 Overview 489 
We present a three-reflection urban canyon albedo model (UCAM).  A three-reflection model is one that 490 
tracks up to three reflections from canyon surfaces. The model considers the canyon as of infinite length 491 
and can be oriented either north-south (N-S) or east-west (E-W). The canyon model assumes the floor as 492 
has a central street surrounded by setbacks. The dimensions and albedos of the canyon surfaces (street, 493 
setback, and walls) can be varied. The model also considers shadows cast by the canyon walls. The air 494 
between the surfaces is assumed to neither absorb nor scatter light, and all surfaces are treated as 495 
Lambertian (purely diffuse) reflectors. 496 
A.2 Shadow on canyon floor 497 
During the day, the canyon floor may be partially or completely shaded by the canyon walls. The width of 498 
the canyon cw  is equal to the street width stw  plus twice the setback width sbw . The width of the 499 
canyon floor shadow, sw , depends on sun position and canyon orientation. To illustrate, Figure A-1 500 
shows the shadow cast by a 10 m high wall over a 30 m wide floor (10 m street + two 10 m setbacks) in 501 
Sacramento, CA on October 21 at 08:00 local standard time (LST). The street extends N-S (panel a) and E-502 
W (panel b).   503 
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Figure A-1. Illustration of a wide canyon located in Sacramento, California, on October 21 at 8:00 LST. The canyon 505 
is oriented (a) N-S and (b) E-W. The street width, setback width, and wall height are 10 m each. The variables 506 
shown are canyon width ( sw ), wall height ( wh ), azimuth angle (φ ), and zenith angle ( β ). 507 
When the canyon runs N-S,  508 
 φβ sintanws hw =   (A-1) 
where wh  is the height of the wall, β is the solar zenith angle, and φ  is the solar azimuth angle 509 
(measured clockwise from south). 510 
When the canyon runs E-W,  511 
 φβ costanws hw =  . (A-2) 
When the shadow is wider than the canyon, the wall facing the sun may be partially shaded by the other 512 
wall. The height of the shaded portion sh  is 513 
 
( )
s
csw
s w
wwhh −=   (A-3) 
and the height of the unshaded portion uh  is 514 
 swu hhh −=  . (A-4) 
A.3 Calculating solar fluxes 515 
The model calculates the flux that enters the canyon and is intercepted by the walls and floor. It takes as 516 
inputs global horizontal irradiance Ig [W/m²] and diffuse horizontal irradiance Id [W/m²]. Annual hourly 517 
mean global and diffuse horizontal irradiances are available for over 1,000 sites in the United States from 518 
the National Renewable Energy Laboratory’s Typical Meteorological Year, version 3 (TMY3) data sets 519 
(Wilcox and Marion 2008). The beam (a.k.a. direct) horizontal irradiance bI  is then calculated as  520 
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 dgb III −=   (A-5) 
and the beam normal solar irradiance bnI  is 521 
 
βcos
b
bn
II =  . (A-6) 
Using these solar irradiances and the algorithm detailed next, the model can then calculate the flux that 522 
is reflected from the canyon through the ceiling, and calculate the canyon albedo. 523 
A.3.1 Downward diffuse solar flux intercepted by the canyon surfaces 524 
The diffuse solar flux entering through the ceiling is 525 
 cd2 wIJ =  . (A-7) 
The fraction of 2J  that strikes a floor segment is  526 
 02202 →→ = FJJ  (A-8) 
where 02→F  is the view factor to a floor segment from the canyon ceiling. The model iterates through 527 
the segments to obtain each value of 02→J .   528 
The fractions of 2J  that are intercepted by the left wall 32→J  and by the right wall 42→J  are 529 
 32232 →→ = FJJ  (A-9) 
and 530 
 42242 →→ = FJJ  (A-10) 
where 32→F  and 42→F  are the view factors from ceiling to left wall and from ceiling to right wall, 531 
respectively. 532 
A.3.2 Downward beam solar flux intercepted by the canyon surfaces 533 
When a floor segment is unshaded, the beam flux from the solar disc intercepted by the segment is 534 
 0b05 wIJ =→ . (A-11) 
The model compares the shadow width ( sw ) to the segment’s distance from each canyon wall to 535 
determine whether the segment is unshaded. If segment is in shade, 005 =→J . The model iterates 536 
through the segments to obtain each value of 05→J .  537 
The ASHRAE Handbook–Fundamentals (ASHRAE 2009) details how to calculate the downward beam solar 538 
irradiance incident on a tilted surface bt,I . Let θ  represent angle of incidence. For vertical surfaces (tilt 539 
angle 90°) such as walls, the beam tilt irradiance is 540 
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 θcosbnbt, II =   (A-12) 
when 0cos >θ ; otherwise, the surface is in shade. The wall may also be partially or fully shaded by the 541 
opposite wall at certain times of the day. For walls or section of walls that are in shade, 0bt, =I . 542 
The cosine of the incidence angle is  543 
 )cos( )90cos(cos Ψ−−°= φβθ   (A-13) 
where Ψ  is the surface azimuth angle. Thus the beam flux to the unshaded section of wall k  from the 544 
sun (surface 5) is 545 
 kkk hIJ θcosubt,u5 =→   (A-14) 
where ukh  is the height of the unshaded portion of wall k  and kθ  is the angle of incidence for wall k . 546 
This equation yields the fluxes from the sun to the unshaded portion of the left wall, u35→J , with unshaded 547 
height u3h ; and to the unshaded portion of the right wall, u45→J , with unshaded height u4h . 548 
The magnitudes of J5→0, J5→3u, and J5→4u depend on wall orientation and solar position. For example, an 549 
urban canyon whose length extends E-W has one wall facing north (surface azimuth angle of 180°) and 550 
the other facing south (0°). For canyons whose length extends N-S, one wall faces east (-90°) and the other 551 
faces west (90°). Solar position (zenith and azimuth angles) can be obtained from NREL’s Solar Position 552 
Calculator (NREL 2013) by location, date, and time, or computed following ASHRAE (2009). 553 
A.3.3 Example of calculating the canyon-reflected solar fluxes 554 
The albedo Xρ  is the fraction of the incoming flux that is reflected from canyon surface X . The view 555 
factor FX→ Y is the fraction of the reflected flux leaving surface X  that is intercepted by surface Y . Using 556 
the albedo of every canyon surface and the view factors from each surface to all other surfaces, we 557 
calculated all of the fluxes that are listed in Table 1 through Table 3. As an example, the two-reflection 558 
flux from the sun (surface 5) to a floor segment (0) to the left wall (3) to the canyon ceiling (2) is  559 
 233300052305 →→→→→→ = FFJJ ρρ . (A-15) 
This approach was used to calculate all one-, two-, and three-reflection fluxes.  560 
A.4 Canyon albedo 561 
For the three-reflection proposed UCAM, the upward flux leaving the canyon, upJ , is the sum of all fluxes 562 
listed in Table 1, Table 2, and Table 3, including all fluxes that are intercepted by each floor segment. The 563 
downward flux entering the canyon is 564 
 g2down IwJ =   (A-16) 
where 2w  is the width of the canyon ceiling. Hence, the canyon albedo cρ  is the ratio of upward flux to 565 
downward flux: 566 
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≡ρ  . (A-17) 
The daily mean canyon albedo is 567 
 
∫
∫
=
day
down
day
cdown
c )(
)()(
dttJ
dtttJ ρ
ρ  (A-18) 
where t is time. 568 
B View factor calculations 569 
View factor formulas have been presented in the engineering literature for most common geometric 570 
configurations (Howell 2015). All the view factors required in the proposed UCAM can be calculated from 571 
published formulas. 572 
B.1 Ceiling to wall 573 
Consider two infinitely long perpendicular plates sharing a common edge (e.g. the geometry formed by 574 
the canyon ceiling and a canyon wall in Figure A-1). If horizontal surface X has width w and vertical surface 575 
Y has height h, the view factor to Y from X is 576 
 












+−+=→
2
YX 112
1
w
h
w
hF  . (B-1) 
 577 
(Howell 2015, Equation C-3). This formula yields the view factors from the canyon ceiling (surface 2, width 578 
w2) to the entire left wall (surface 3, height h3); to the entire right wall (surface 4, height h4); to the 579 
unshaded portion of the left wall (surface 3u, height h3u); and to the unshaded portion of the right wall 580 
(surface 4u, height h4u). These view factors are F2→3, F2→4. F2→3u, and F2→4u respectively. 581 
View factor reciprocity relates view factors (F) and areas (A), such that 582 
 XYYYXX →→ = FAFA  . (B-2) 
View factors F3→2, F4→2, F3u→2, and F4u→2 can be obtained from this relation.  583 
B.2 Ceiling to floor 584 
The sum of view factors from a given surface to itself and all other surfaces is unity. Thus from the canyon 585 
ceiling (surface 2),  586 
 142322212 =+++ →→→→ FFFF  . (B-3) 
By symmetry, F2→3 = F2→4. Meanwhile, F2→2 is zero since the surface 2 does not see itself. Hence, the 587 
ceiling-to-floor view factor is 588 
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 3212 21 →→ ×−= FF  . (B-4) 
B.3 Segment to ceiling 589 
The view factor from a floor segment to sky varies by segment. As the model iterates through the 590 
segments, it calculates their view factor to the sky using the “crossed-string method” (Hottel 1954). Figure 591 
B-1 illustrates how the method is applied to calculate the segment-to-sky view factor. The model 592 
calculates the distances Lx, Lw, Ly, and Lz for each segment.  593 
 
Figure B-1. Crossed-string method applied to segment-to-ceiling view factors. 594 
The equation (Howell 2015, section C-2a) is derived from this method and used to calculate the segment-595 
to-ceiling view factors: 596 
 
0
zywx
20 2w
LLLL
F
−−+
=→  . (B-5) 
B.4 Segment to wall 597 
Consider an infinitely long plate S1 at an angle α from another non-adjacent infinitely long plate S2. If the 598 
plates are perpendicular, the formula for this configuration (Figure B-2a) can be simplified to  599 
 ( ) ( ) ( ) ( )
( )12
2
12
1
2
1
2
12
2
2
2
2
12
1
2
2
2
12
2
2
1
221 aa
babababaF SS −
+−+−++−
=→   (B-6) 
(Howell 2015, section C-5a). This formula is used by the model to calculate the view factor from each wall 600 
to each floor segment. Given the position of the segment relative to each wall (Figure B-2b), F3→0, F3u→ 0, 601 
F4→0, and F4u→ 0 are calculated as follows: 602 
 ) , , ,0( 2211w2103 21 xbxbhaaFF SS ===== →→   (B-7) 
 ) , , ,0( 1222c1w2104 21 xwbxwbhaaFF SS −=−==== →→   (B-8) 
 ) , , ,( 2211w2u310u3 21 xbxbhahhaFF wSS ===−== →→   (B-9) 
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 ) , , ,( 122221w2410u4 21 xwbxwbhahhaFF wSS −=−==−== →→  (B-10) 
Note that x1 and x2 vary by segment, while h3u and h4u vary by time of day. 603 
(a)  (b) 
 
 
 
Figure B-2. Diagram of dimensions and variables used to calculate segment to wall view factors. 604 
Applying view-factor reciprocity, segment-to-wall view factors are calculated as 605 
 
0
033
30 w
FhF →→ =  (B-11) 
 
0
044
40 w
FhF →→ = . (B-12) 
B.5 Wall to wall 606 
The “cross-string method” described in Section B.3 can also be used to calculate the view factors from 607 
one wall (or section of wall) to the opposite wall (or section of opposite wall). Thus, Eq. (B-5) and the 608 
canyon dimensions given in Figure B-2 were used to obtain the view factors from one canyon wall to the 609 
opposite wall (F3→4 and F4→3), and from the unshaded portion of each wall to the opposite wall (F3u→4 and 610 
F4u→3). 611 
 612 
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